In this study, Aspergillus kawachii, Aspergillus oryzae, and Rhizopus sp., were utilized for rice Koji fermentation, and the metabolites were analyzed in a timedependent manner by gas chromatography-mass spectrometry. On Principal Component Analysis, the metabolite patterns were clearly distinguished based on the fungi species. This approach revealed that the quantities of glucose, galactose, and glycerol gradually increased as a function of fermentation time in all trials rice Koji fermentation. The time-dependent changes of these metabolites showed significant increases in glucose in the A. oryzae-treated rice, and in glycerol and galactose in the A. kawachii-treated rice. In addition, glycolysis-related enzyme activities were correlated with the changes in these metabolites. The results indicate that time-dependent metabolite production has the potential to be a valuable tool in selecting inoculant fungi and the optimal fermentation time for rice koji.
The production of traditional Korean beverages involves two different processes: fungi inoculation for glycolysis and yeast inoculation for alcohol production. The first fermentation step, the inoculation of fungi in cereals, plays a crucial role in the second fermentation step since saccharification provides a sufficient amount of sugar to yeast. 1) As a food, sugar affects the survival of yeast, which is directly related to alcoholic fermentation and is indispensable for brewing. Therefore, the enzymes involved in fermentation play significant roles in the creation of traditional Korean beverages. Nuruk and koji have long been used for the alcoholic fermentation of traditional Korean rice beverages. 2, 3) Naturally fermented rice, barley, or wheat, called nuruk, contain various air-born microorganisms. Due to this organic complex, which includes fungi, yeasts, and lactic acid bacteria, a metabolic network is built among the different species. This communication enhances the complexity of grain beverages, but it also brings about a lack of nutrients for the complex, which affects the quality and flavor of grain beverages in that the microorganisms in nuruk have low enzyme activities. 4) On the other hand, most of the enzymes function as degradable starch complexes in koji generally have stronger activities than in nuruk. [3] [4] [5] Koji is an inoculated cereal cake with only one known fungi, and single fungi cultivation on loose cereal granules allows for maximum growth, which that produces more enzymes. 2, 4) The flourishing enzyme activities of koji contribute to the rich sweetness of rice alcoholic beverages and supports yeast fermentation as well. A. kawachii, A. oryzae, and Rhizopus sp. are used mainly in the production of koji in Asia. The type of fungus selected is a significant factor in koji production, because different fungi produce different metabolites and enzymes. 5, 6) In an organic system, metabolism is managed chiefly by primary and secondary metabolites. Primary metabolites are produced in normal growth, development, and reproduction. Secondary metabolites are derived from primary products through enzymatic pathways. In addition, their functions are particularly affected by environmental conditions. 7) Due to the major compositional features of rice, we focused on primary metabolites, using gas chromatography-mass spectrometry (GC-MS). GC-MS is a comprehensive, non-biased technological system used to analyze diverse metabolites. Furthermore, it is a sensitive tool for detecting and tracking primary metabolites such as sugar, amino acid, and fatty acid, and it has great resolution and quantification power for quantifying primary metabolites in sample extracts. [7] [8] [9] [10] To visualize and understand the metabolites among various fungi-treated rice koji samples from the GC-MS data set, multivariate statistical analysis, including principal component analysis (PCA) and orthogonal partial least-squares to latent structuresdiscriminate analysis (OPLS-DA) is required. 11) We report that componential changes in rice koji depended on fermentation time. Inoculant fungi were identified and analyzed by PCA and OPLS-DA models. In addition, the enzyme activity of rice koji associated with metabolite changes during fermentation was studied.
Materials and Methods
Chemicals and reagents. Standard compounds, including glucose, galactose, and glycerol, and sodium chloride, acetate, copper sulfate, sodium hydroxide, methylene blue, and sodium acetate to measure the enzyme activity of rice koji were purchased from Sigma-Aldrich (St. Louis, MO). Potassium hydrogen tartrate was from Junsei Chemical (Tokyo). An extraction solvent, methanol, was from Duksan Chemical (Ansan, Korea). For GC-MS analysis, pyridine, methoxyamine hydrochloride, and N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) were from Sigma-Aldrich.
Fermenting condition for rice koji production. Spores of Aspergillus kawachii, Aspergillus oryzae, and Rhizopus sp. were purchased from the Fermented Food Company (Suwon, Korea). Raw rice samples (Icheon, Korea) were inoculated with 0.1% spores of the various fungi and fermented at 30 C for 72 h. Fungi-treated rice samples were taken at intervals of 12 h from the initial time of inoculation. After freezedrying of the samples for 48 h, they were stored at À80 C until extraction.
Sample preparation. Freeze-dried rice koji samples were finely ground in a mortar, and 1 g of powder was extracted with 10 ml of 80% methanol. Three d later, a sample mixture was centrifuged at 15;000 g for 3 min. One ml of the supernatant was transferred to a 1.5-ml Eppendorf tube and the extract solution was concentrated with a speedvacuum machine.
The extract sample was derivatized before GC-MS analysis with 100 ml of methoxyamine hydrochloride in pyridine (20 mg/ml). The mixture was incubated at 65 C for 30 min. As a second derivatizing agent, 100 ml of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) was added to the mixture, which was and incubated at 65 C for 60 min.
Conditions of GC-MS analysis. Analysis was performed on a Varian 4000 GC-MS/MS system (Varian, Palo Alto, CA) coupled with a CP-8400 injector. The system was equipped with a FactorFour capillary column (30 m Â 0:25 mm I.D., 0.25 mm film thickness, Varian). The injector temperature was 250 C and the transfer line and ion source temperatures were 230 C and 200 C, respectively. The column was isothermally held at 100 C for 2 min, then raised to 300 C at 10 C/min base and the final temperature was maintained at 300 C for 10 min. One ml of the sample mixture was injected in split mode (25:1, v/v) and the helium gas flow rate through the column was 1 ml/min. Ions were generated by a 70 kV electron impact (EI), and were recorded over the mass range of 50-1,000 m=z.
12,13)
Data processing. Data preprocessing was performed using Varian MS Workstation 6.9 software (Varian, Palo Alto, CA). The GC-MS raw data files were converted to netCDF ( Ã .cdf) format with the Vx Capture (version 2.1, Adron systems, Laporte, MN) for further analysis. After conversion, automatic peak detection and alignment were performed by XCMS. The XCMS parameters were done using R-program version 2.9.0 (R project for statistical computing, www.r-project.org, with http://massspec.scripps.edu/xcms/documentation.pup). The corresponding peaks were confirmed in the original chromatogram and were compared to the NIST mass spectral database (National Institute of Standards and Technology, FairCom, Gaithersburg, USA). 12, 13) Statistical and multivariate analysis. Statistical analyses were performed on all variables by SIMCA-P+ (version 12.0, Umetrics, Umeå, Sweden). One-way ANOVA, significance test, and visualize date were as described by STATISTICA (version 7.0, StatSoft Inc., Tulsa, OK). Principal component analysis (PCA) was done to obtain a general overview of the metabolites' variance and orthogonal projection on latent structures discriminant analysis (OPLS-DA) was done to obtain information on the differences in metabolite composition of the samples. Peak intensity of all variables was log 10 transformed. All variables were scaled to unit variance for PCA and pareto for OPLS-DA derived from GC-MS data sets. 12, 13) Quantitative analysis. To analyze the sugars and sugar alcohol content in rice koji, quantitative analysis was performed based on commercial standard compounds. As external standards, glucose, galactose, and glycerol were derivatized by the methods illustrated in ''Sample preparation.'' The peak areas of the external standards were determined by peak integration. The calibration curves of the standards, which ranged from 0.031 to 0.5 mg/ml (five levels), were linear, with R 2 values ranging from 0.96 to 0.99. 14, 15) Measurement of enzyme activity. Enzyme activity assays were conducted according to the liquor analysis regulation of the Korean National Tax Service Technical Service Institute (Seoul, Korea).
Saccharogenic power: Saccharogenic power (SP) is the product of a starch's saccharification rate and an enzyme's dilution. Fifty ml of a 2% soluble starch solution and 30 ml of acetate buffer solution (pH 5.0) were mixed and the mixture was maintained at 55 C for 10 min. Then 10 ml of the enzyme solution (10 g koji extracted with 1%Sodium chloride solution at 30 C for 3 h) was added, and the mixture was fixed for 60 min to saccharify the starch. Ten ml of 0.5 N sodium hydroxide was added to the mixture to stop the enzyme reaction, and the sample was quickly frozen. Water was added to the frozen mixture until the total volume reached 100 ml:
Saccharification rate (%) = sugar contents of liquid of saccharized starch (%)/2% sugar contents of soluble starch (%) 1/2 Sugar contents = 2 Â (consumed volume of standard glucose solutionconsumed standardized glucose solution when heated with Fehling's solution 10 ml, water 40 ml, and enzyme reactants until titration complete) Â 100/(enzyme reactants obtained) Glucoamylase activity: Ten g of koji in 0.5% sodium chloride solution (5% of 0.2 mol Sodium acetate buffer pH 5.0) was extracted at 5 C. Ten ml of filtrates was dialyzed against 0.01 mol sodium acetate buffer for 12 h and diluted with water at up to 20 ml. One ml of liquid starch was heated with 0.2 ml of 0.2 mol sodium acetate buffer sodium for 5 min. Next, the sample was activated with 0.1 ml of liquid enzyme. One N sodium hydroxide 0.1 ml was then added to stop the reaction. After 30 min, 0.1 ml of 1 N hydrogen chloride was added to neutralize the solution. As a control, 1 ml of liquid starch was heated with 0.2 ml of 0.2 mol sodium acetate buffer for 5 min at 40 C, and then 0.1 ml of 1 N sodium hydroxide and liquid enzyme was added to the solution.
Enzyme activity (unit/g koji) ¼ produced glucose (mg) Â 60/20 (reaction time) Â 1/0.1 (enzyme solution) Â 100/10 (dilution rate) -Amylase activity: Ten ml of a 1% starch solution was heated at 40 C, and 0.5 ml of the enzyme solution was added. Mixer was removed every 0.5-1 min and was added to 10 ml of an iodine solution. The 66% penetration ratio of the activated starch in the iodine solution was determined using a photometer at 670 nm. As a control, 100% of the penetration ratios, 10 ml of the iodine solution with 0.1 ml obtained from 0.5 ml of liquid enzyme, were dissolved in 10 ml of water. 
Results

Multivariate analysis of rice koji fermentation by different fungi
Rice koji with various inoculants was collected at 12-h intervals and analyzed in triplicate by GC-MS. The characteristics of the data sets were analyzed by principal component analysis (PCA). As shown in Fig. 1 , PCA score plots were derived from the GC-MS data sets and the plots were separated into PC1 (55.1%) and PC2 (17.7%). According to PC1, the score plots of rice koji using Aspergillus oryzae (AO) fermentation were largely distributed between 0-24 h and 36-72 h of fermentation. On the other hand, the score plots of rice koji fermented with Aspergillus kawachii (AK) and Rhizopus sp. (RS) were separated into two groups, of 0-12 h and 24-72 h. In addition, the fermentation patterns of AO and RS differed from those with AK by PC2. To detect clearly significant metabolites generated by different inoculations, the OPLS-DA models were applied to the data. Based on OPLS-DA score plots (Fig. 2) , clear discriminations as to RS vs. AK (R x 2 (98.5%), Q 2 (71%)) (Fig. 2Aa) , AO vs. AK (R x 2 (95%), Q 2 (72.8%)) (Fig. 2Ab) , and RS vs. AO (R x 2 (93.2%), Q 2 (69.1%)) (Fig. 2Ac) were observed with total variance (R x 2 ) and the prediction goodness parameter (Q 2 ) respectively. To identify clearly significantly different metabolites, retention time, m=z, and p values (<0:05) were compared between the metabolite profiling data sets. Variables relevant to discriminators were selected by analyzing the OPLS loading S-plot (Fig. 2B) , which was indicated with covariance (p) and correlation (p corr) and identified using the NIST mass spectral database. Sugars (glucose, galactose, glucopyranose, arbinofuranose, and turanose), sugar alcohols (glycerol, and inositol), organic acids (pyruvic acid, and citric acid), and fatty acids (palmitic acid, and linoleic acid) were determined to be the discriminators that distinguished RS from AK (Table 1A and Fig. 2Aa ) by OPLS1 and divided fermentation time, 0-36 h and 48-72 h, by OPLS2. In the case of AK and AO (Fig. 2Ab) , koji was differentiated according to its inoculants by OPLS1, and based on fermentation time, 0-36 h and 48-72 h, by OPLS2. Sugars and sugar alcohols (glucose, glactose, glucopyranose, maltose, turanose and xylofuranose, and glycerol) and organic acid (phosphoric acid, and heptanedioic acid) and fatty acids (linoleic acid, and stearic acid) were determined to be discriminators that characterized the differences between the two types of rice koji (Table 1B) . As Fig. 2Ac show, that the metabolites of RS were divided into 0-24 h and 36-72 h of fermentation, and the metabolites of AO divided into two groups, of 0-12 h and 24-72 h by OPLS2. Several sugars (glucose, galactose, and glucopyranose) and amino acids (proline, and palmitic acid) were found to be the significantly different metabolites as the between RS and AO (Table 1C) .
Metabolite changes during rice koji fermentation with fungi
Each sample was analyzed in triplicate. To understand better the changes in metabolites and comparison of the final products during rice koji fermentation with various fungi inoculants, 0 h and 72 h of fermentation were compared using the PCA model (Fig. 3A) . The PCA score plot shows the separation of the samples, AK, AO and RS, by PC1 (70.4%, 85.7%, and 85.4%) and PC2 (23.9%, 7.6%, and 5.5%). The content of sugars and sugar alcohols (glucose, galactose, and glycerol) gradually increased in all three types of koji during fermentation. Aspartic acid and turanose were significantly increased while RS and AK, respectively (p < 0:005) (Fig. 3Ba, c) . In AO, aspartic acid, and sugars (glucopyranose, and turanose) were specifically increased during fermentation (Fig. 3Bb) . To investigate the metabolites of significantly changed fermentation time in the samples from the PCA data set (Fig. 1) , 12 h and 24 h of fermentation were compared (Supplemental Fig. S ; see Biosci. Biotechnol. Biochem. Web site). Sugar alcohols and sugars (glycerol, galactose, glucose, xylofuranose, glucopyranose, turanose, and arabitol), organic acids (phospholic acid, citric acid, and malic acid), and other metabolites (hexadecanoic acid, and butane) increased in AK. In the case of RS, sugars (glycerol, glucose, galactose, and turanose), citric acid, and linoleic acid increased in particular. Sugars (glycerol, glucose, xylofuranose, and turanose) and fatty acids (linoleic acid, and stearic acid) were detected as discriminators in AO (Supplemental Fig. S ; see Biosci.
Biotechnol. Biochem. Web site).
Correlation between quantitative analysis of sugar and fungal enzyme activity
We compared the quantities of glucose, galactose, and glycerol during fermentation because the contents of these metabolites differed in rice koji for each of three fungi. The levels of glycerol, and galactose increased most in AK fermentation. Glucose increased the most during AO fermentation. To understand the correlation between the quantity of newly produced sugar compounds and fungal enzyme activity, the enzyme activity of rice koji fermented for 72 h was measured. Glucoamylase activity and saccharogenic power were the strongest in AO fermentation, and -amylase activity was more significant in RS than the others (Fig. 4B) . The highest level of glucose was found in AO, and the level in RS dependent fermentation was remarkably lower than in fermentation with AO (Fig. 4A) .
Discussion
Microbial enzymes contribute to the quality of fermented food, including texture, nutritional properties, and stability. This means that the byproducts of zymotic microorganisms provide specific flavors and functions. 16, 17) Therefore, the types of fungal inoculants and their enzymatic activity levels are the most important factors in preparing rice koji. To understand sugar metabolism, which occupies a large proportion of alcohol fermentation, the activity of sugar-related enzymes in fungal inoculants should be carefully considered. Despite outstanding -amylase activity, there was not any great effect on glucoamylase activity or saccharogenic power, due to the RS. On the other hand, the glucose conversion rate of AO was the highest, due to higher glucoamylase activity and saccharogenic power, even though its -amylase activity was weaker than that of RS (Fig. 4) . This is a noteworthy result, because the quantity of glucose is highly important for yeast to produce alcohol. We theorize that A. oryzae might be the optimal inoculant for rice koji production, with high glucose production.
The glucose hydrolyzed from starch by fungal enzymes goes through sugar metabolism. Glucose and aspartate are major carbon and nitrogen sources as TCA cycle intermediates. Increases in aspartate levels were accompanied by increases in pyruvate and TCA intermediates. 18, 19) During 72 h-fermentation, aspartic acid, which was markedly increased in AO and RS, was probably synthesized during the TCA cycle (Fig. 3Bb,  c) . This indicates that sugar metabolism in AO and RS was more active than in AK. In the case of A. oryzae, the transcriptional levels of most of the catabolic genes involved in the glycolytic pathway and the TCA cycle were higher in the presence of glucose than in its absence. 20) It appeared that greater production of sugar could be connected with a more active sugar metabolism.
By multivariate analysis, we recognized that sugar compounds were more significantly changed than other compounds during fermentation. The amino acid, organic acid, and fatty acid contents were not as large as the sugar contents. This might have been due to the fact that the main composition of rice is starch 21) and that most enzymatic activities of the three fungi were related to saccharification. 16, 17) The primary metabolites produced by fungi during koji fermentation have been reported, 22, 23) but this was the first time that metabolite profiling by a statistical analysis approach was used to examine the relationship between different rice koji fermentation times and different fungi inoculations. In addition, this study indicates that the GC-MS based metabolite profiling approach, which revealed timedependent metabolite production, has the potential to be a valuable tool in the selection of fungi and incubation times for rice koji fermentation.
Natural fermentation induces the decomposition of undesirable components, such as phytates, and tannins, 24, 25) enhancement of the nutritive value, preservation of food, [25] [26] [27] and reduction in the energy required for food production. 28) Therefore, it is important to study natural fermented foods such as nuruk for the production of traditional Korea beverages. This approach is highly delicate and requires a long time to identify the types of microorganisms in nuruk and how they and their metabolites are related. That said, in this study we determined and quantified changes in the metabolite of rice koji during fermentation, and this work should help in future studies such as microorganism community analysis and metabolomic studies of nuruk.
